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ABSTRACT 



A method for producing a material includes providing a 
metallurgical powder including iron, 1.0 to 3.5 weight 
percent copper, and 0.3 to 0.8 weight percent carbon. At least 
a portion of the powder is compressed at 20 tsi to 70 tsi to 
provide a compact, and subsequently the compact is heated 
at high temperature and then cooled at a cooling rate no 
greater than 60° F. per minute to increase the surface 
hardness of the compact to no greater than RC 25. The 
density of at least a region of the sintered compact is 
increased, by a mechanical working step or otherwise, to at 
least 7.6 grams/cc. The sintered compact is then re-heated to 
high temperature and cooled at a cooling rate of at least VZ(f 
F./min. so as to increase the surface hardness of the compact 
to greater than RC 25, and preferably at least RC 30. 
Material made by the method of the invention also is 
disclosed. 

57 Claims, 1 Drawing Sheet 
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METHOD FOR PRODUCING POWDER 
METAL MATERIALS 

CROSS REFERENCE TO RELATED 
APPLICAnONS 

Not applicable. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

Not applicable. 

TECHNICAL FIELD AND INDUSTRIAL 
APPLICABILITY OF THE INVENTION 

The present invention is directed to a method for produc- 
ing a material from a metallurgical powder and to the 
material produced by the method. More particularly, the 
present invention is directed to a method for producing a 
material from a metallurgical powder including iron, copper, 
and graphite, and wherein the method generally includes 

^ providing a sintered compact of the powder, densifying at 
least a portion of the compact, and subsequently increasing 
the surface hardness of the compact to greater than RC 25, 
and preferably at least RC 30. Material produced by the 
method exhibits high rolling contact endurance limit and/or 

' high tensile strength. Specific examples of applications in 
which the method and material may be applied include 
races, gears, sprockets, and cam lobes. 

DESCRIPTION OF THE INVENTION 
BACKGROUND 

The "sinterhardening" process is a known process in 
which iron-based alloys having high hardness are produced 
by consolidating and sintering metallurgical powders. The 
alloying element and carbon contents of the metallurgical 
powder and the cooling rate of the sintered parts within the 
sintering furnace are carefully balanced to produce parts 
having a surface hardness greater than about Rockwell C 
(RQ 25 directly from the sintering furnace, without the 
requirement for a conventional quench-and-temper treat- 
ment. Parts having surface hardness greater than RC 25 are 
typically produced by sinterhardening using a furnace that is 
specially designed to gas cool the hot sintered parts at an 
accelerated rate, in the 120-200** F./minute range. More 
recently, sinterhardening processes have been designed to 
utilize metallurgical powders with higher alloy contents that 
can be hardened to greater than RC 25 on cooling using 
conventional sintering furnaces providing standard cooling 
rates, typically about 40** F./minute. 

Sinterhardened parts are normally hard and strong (tensile 
strengths in the 120 to 160 ksi range). A primary advantage 
of the sinterhardening process is that the conventional 
quench-and-temper cycle is unneeded, reducing the number 
of processing steps and reducing the cost of finished parts. 
A second advantage Ls that gas cooling is less severe and 
causes less warpage than liquid cooling. Because sinterhard- 
ened parts are gas cooled rather than liquid cooled, there is 
generally less dimensional distortion in the parts and size 
control is enhanced. In addition, because there is no need to 
dispose of an oil or other liquid quenching medium, the 
impact on the environment is lessened. 

A distinct shortcoming of parts produced by sinterhard- 
ening is relatively low rolling contact endurance limits, 
usually in the 160 to 190 ksi range. The rolling contact 
endurance limit, also referred to herein plainly as the ''endur- 
ance limit," is the theoretical maximum stress that a material 
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can withstand for an infinitely large number of compressive 
fatigue cycles. The endurance limit of a material may be 
assessed by, for example, the method described in U.S. Pat. 
No. 5,613,180, the entire disclosure of which is hereby 
5 incorporated herein by reference. The testing method gen- 
erally described in the '180 patent was used to measure the 
endurance limit of the materials described herein. 

Rolling contact endurance is particularly important in 
powder metal parts such as races, gears, sprockets, and cam 
10 lobes. The relatively low rolling contact endurance limit of 
sinterhardened materials is not entirely unexpected because 
the endurance limit is strongly dependent on material den- 
sity. Denser materials typically have higher endurance lim- 
its. Parts produced by sinterhardening commonly have 
15 apparent densities of about 7.0 g/cc or less, which may be 
compared with typical theoretical densities of about 7.9 g/cc 
for sinterhardening alloys. 

Materials produced by sinterhardening may have tensile 
strength significantly greater than powder metal materials of 
comparable density produced by conventional quench-and- 
temper techniques. Tensile strength of sinterhardened parts 
typically falls in the range of 130 to 150 ksi. This may be 
compared with the 100-110 ksi tensile strength of conven- 
tional quenched and tempered powder metal material at 7.0 
g/cc. Conventional materials, because they are based on 
"softer" powders and do not harden on sintering at 
1400-1600** F., can be double processed to densities in the 
7.3-7.5 g/cc range. Increasing part density can provide 
increased tensile strength, and also can increase endurance 
limit. Heat treated double pressed/double sintered parts for 
example, can achieve heat treated tensile strengths of 
160-200 ksi. The higher tensile strength that may result 
from increased density may be desirable in parts used as 
races, gears, sprockets, cam lobes, connecting rods, and in 
other high load-bearing applications. Such applications usu- 
ally also require high endurance limit. In contrast, increasing 
the density of sinterhardened parts to provide higher endur- 
ance limits and tensile strength is prc^lematic. The metal- 
lurgical powder grades used in sinterhardening are highly 
alloyed and, therefore, are not highly compressible. Also, 
because sinterhardened parts emerge from the sintering 
furnace relatively hard, they are not easily densified by 
mechanical working techniques such as sizing. Cost and 
other benefits derived by avoiding a quench-and-temper 
cycle are, in part, offset by the diflSculties faced when 
densifying sinterhardened parts. Thus, although the sinter- 
hardening process provides distinct advantages, it is not 
widely used to produce powder metal parts for the heaviest 
duty races, gears, sprockets, and cam lobes, applications 
requiring high rolling contact endurance limits and/or high 
tensile strength. 

Accordingly, a need exists for a process for producing 
parts from consolidated metallurgical powder wherein the 
parts are of high density and surface hardness greater than 
about RC 25, without the need for a conventional liquid 
quench-and-temper treatment. A need also exists for a pro- 
cess for producing powder metal parts having high rolling 
contact endurance limits and/or high tensile strength, and 
^ wherein the parts are surface hardened to greater than RC 25 
without the need for a conventional liquid quench-and- 
temper treatment. 

BRIEF SUMMARY OF THE INVENTION 

65 In order to address the above-described needs, the present 
invention provides a novel method for producing a material 
from a metalluigical powder. The method includes providing 
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a metallurgical powder that includes iron, 1.0 to 3.5 weight scales, including RC, Rockwell B (RB), and ISN hardness, 

percent copper, and 0.3 to 0.8 weight percent carbon. The Each hardness scale used herein is the resistance to inden- 

carbon in the metallurgical powder preferably is wholly or tation as measured by a Rockwell hardness tester or a 

predominantly in the form of graphite. The copper in the microhardness tester. Both tester types operate by forcing an 

metallurgical powder preferably is wholly or predominantly 5 indenter of a specified geometry and material into the 

in the form of elemental copper powder. The metallurgical surface of a test specimen under a controlled force, and the 

powder also may include, for example, nickel, molybdenum, ^^^^i^ penetration is measured. The hardness scale used to 

chromium, manganese and vanadium. The metallur^cal ^^^^^ ^ particular part normally is tied to the application 

powder preferably includes molybdenum and/or nickel in ^^at part Those of ordinary skill in the art may readily 

the form of a pre-aUoyed iron-base powder. ^^^^^^^ ^^^^^^^ ^^^^^^^^ ^^^^ ^^^^ 

At least a portion of the meteUurgical powder is com- r^, RB, or 15N) to another scale. The specific 

pressed at a pressure of 20 tsi to 70 tsi to provide a compact. techniques by which hardness may be evaluated under any 

Hie compact IS heated to a temperature of 2000-2400** F. ^^^^^ ^^^^^ ^ ^^^^ ^ 

and IS maintained at the temperature for at least 15 mmutes. ^^^^^ ordinary skill. 

The heated compact is then cooled at a cooling rate no.- ^, , \ j, , ^l- 

greater than 60° Fyminute. The rate of cooling is seleaed so " ""1 be produced by the proce^ of the .nveDtion 

that the compact, once cooled, has hardness no greater than "("b high surface hardness greater than RC 25 The material 

IRC 25, and preferably no greater than RC 20. Subsequent to ^'^^T^^^ high endurance limit, at least 

cooling the compact, the density of at least a surface region «"'°ut 240 ksi, and high torque and/or tensile strength. In the 

of the compact is increased to at least 7.6 grams/cc. The ,„ ^'^P* °^ .-""hod of the mvention, a readily 

density of the compact may be increased by, for example. ^° compact is produced that may be ftirther densi- 

mechanicaUy working the sintered compact. The mechanical ^^^-^^ """^P'"^ '^'"'^^'^ '° P"' °' throughout to 

working technique that is used may be one or more of. for ^ dense regions, thereby providing 

example, sizing, rolling, roUer banishing, shot peening, '''8'' rolhng contact endurance limit. Thus, the difficulties 

extruding, laser impacting, swaging, and hot foraiing. The „ encountered in attempting 1° densify sinterhardened 

^™„:ft„-7: ..^ iZ Z^^u^A tu^ materials, which typically have surface hardness in excess of 

densincation technique may be appued to mcrease the «^ i , * • . ^ n j u i * j 
density of a surface region or some other region of the 25. are avoided^ A sinter followed by an accelerated 
compact, but also may be applied to increase the density ^"•"'g 1^'"^ P'ef'="bly is a gas cooling step, 
throughout the compact. The densified compact is then ^"^^^ "f ^''"'"^^ "^J-^^ '° f^^^^' 
heated to a temperamre of 2050-2400' F. and held at ^ RC 25, preferably at least RC 30, hardness levels commen- 
temperature for aileasl 20 minutes. The heated compact is ^"^."'^^^ °' '"P'™' r sinterhardened mate- 
cooled at a cooling rate greater than the rate of the first "''I'^PS '^''"'"'S 'by ^je'^rated coolmg step 
cooling step and within the range of 120-100° Pyminute so ^'"'"^ "?e dimensional control difficulties encountered with 
as to increase surface hardness of the compact to greater than conventional liquid quench-and-temper treatments^ In 
RC 25 and preferably at least as great as RC 30 addition, gas cooling does not require a hquid quenching 
_ ' ,. ;. , • ?• . J . .1. J c media that must be disposed of as waste. Thus, the method 

The present invention also is du-ected to a method for ^f,. » „„-,i, „ w,-.., 

, ^ . • 1 ii. . 1, ■ 1 J .u 01 the invention provides a material witti properties superior 

producing a material froin a metallurgical powder, as the ^ ^.terhardened materials, yet also proWding 

powder IS described immediately above, and wherein at least advantages garnered by the sinterhardening pro- 

a portion of the powder is compressed at a pressure of 20 tsi o o o 

to 70 tsi to provide a compact. The compact is processed by 40 * . ^ . . 

heating and then cooling the compact. The apparent density reader will appreciate the foregomg details and 

of the cooled sintered compact is 6.2 to 7.2 grams/cc. The advantages of the present invention as well as others, upon 

cooling rate is no greater than about 60° F. per minute so that consideration of the following detailed description of 

the surface hardness of the cooled sintered compact embodiments of the invention. The reader also may com- 

increases to no greater than RC 25. The density of at least a .5 P^^end additional advantages and details of the present 

portion of the sintered compact is then increased to at least invention upon carrymg out or using the mvention. 

7.6 grams/cc, and the densified compact is then heated to BRIEF DESCRIPTION OF THE DRAWINGS 
provide a heated sintered compact. The heated sintered 

compact is cooled at a rate sufficient to increase the surface The features and advantages of the present invention may 

hardness of the compact to greater than RC 25, and prefer- 50 be better understood by reference to the accompanying 

ably at least RC 30. drawings in which: 

As noted above, carbon may be wholly or partially present FIG. 1 is a block diagram of an embodiment of a method 

in the metallurgical powder as graphite in either of the above according to the present invention for producing powder 

methods. Carbon may also be present in the metallurgical metal material, 

powder in other forms, such as in the form of carbon alloyed 55 

with other elements as pre-aUoyed powders. The carbon DETAILED DESCRIPTION OF EMBODIMElsTTS 

content, copper content, and the content of the other ele- ™^ INVENTION 

ments present in the metallurgical powder are selected so jhe present invention provides a novel method for pro- 

that on heating and then slowly cooling a compact of the ducing relatively dense powder metal parts having surface 

powder, the hardness of the compact does not exceed RC 25. 50 hardness greater than RC 25. In general, the method includes 

Additional aspects of the present invention are directed to consolidating a portion of a metallurgical powder including 

materials produced by the method of the invention and iron, 1.0 to 3.5 weight percent copper, and 0.3 to 0.8 weight 

articles of manufacture including such materials. The percent carbon, preferably 0.4 to 0.7 weight percent carbon, 

articles of manufacture may be, for example, races, gears, to provide a green compact. Preferably, the carbon is present 

sprockets, and cam lobes. 6S in the metallurgical powder wholly or predominantly as 

Hie surface hardness of materials provided in the present graphite. The copper in the metallurgical powder preferably 

description are referred to by several different hardness is wholly or predominantly in the form of elemental copper 
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powder. The metallurgical powder also may include, for 
example, one or more of nickel, molybdenum, chromium, 
manganese, and vanadium. The metallurgical powder pref- 
erably includes molybdenum and/or nickel in pre-alloy form 
with iron as an iron alloy powder. ITie constituents of the 5 
metallurgical powder are chosen so that a consolidated 
sintered material produced from the powder may be hard- 
ened by accelerated cooling, i.e., cooling at greater than 
120° FVminute. 

The green compact is initially sintered at high temperature 
to further fuse the powder particles and to diffuse the 
powder's chemical constituents within the compact. The 
sintered compact is then cooled at a low to moderate cooling 
rate, no greater than 60** F./minule, to provide a sintered 
compact having a typical density but much lower hardness 
than is characteristic of a sinterhardened part. The sintered 
compact is subsequently deformed by, for example, 
mechanical working, to increase the density of at least a 
surface region of the compact to a desired level, typically 
above 7.6 grams/cc. The worked compact is then heated to 
high temperature and cooled at a high cooling rate, 120 to 20 
400° F./minute, to harden the surface of the compact to 
greater than RC 25, and preferably at least RC 30. 

As shown below, material produced by the method of the 
invention may exhibit high rolling contact endurance limits, 
greater than the 170-190 ksi upper limit typically exhibited 25 
by material produced by conventional sinterhardening. 
Material produced by the method of the invention also may 
exhibit tensile strengths greater than tensile strengths of 
conventionally quench-and-tempered steels produced of 
metallurgical powders. 30 

An embodiment of the method of the invention is depicted 
schematically in FIG. 1. In a first step of the embodiment, a 
suitable metallurgical powder is provided. The alloying 
element content and the carbon level of the powder are 
selected so that the powder may be pressed and sintered to 35 
form an iron-based material that can be readily deformed in 
the deformation step described below. Also, to ensure that 
the powder will form a material of sufficient density, it is 
preferred that the powder is capable of forming a material 
with an apparent density of at least about 6.8 grams/cc when 40 
pressed at 40 tsi. The powder may include, for example, 
iron, about 1.0 to about 3.5 weight percent copper, and about 
0.3 to about 0.8 weight percent carbon. Preferably, the 
powder includes 0.4 to 0.7 weight percent carbon. Carbon in 
the form of graphite is preferred in the metallurgical powder, 45 
but other suitable carbon sources may be used. Preferably, 
copper is provided in the metallurgical powder wholly or at 
least predominantly as elemental copper powder. The pow- 
der may also include other alloying additions including, for 
example: up to about 2.0 weight percent molybdenum; up to 50 
about 0.7 weight percent manganese; up to about 4.0 weight 
percent chromium; up to about 2.0 weight percent nickel; 
and vanadium. The alloy additions may be added in the form 
of, for example, one or more pre-alloyed iron-base powders. 
The metallufgical powder preferably includes molybdenum 55 
and/or nickel as a pre-alloyed iron-base powder. Thus, the 
metallurgical powder may include iron and alloying addi- 
tions in the form of one or more pre-alloyed powders, such 
as a nickel-molybdenum steel or a molybdeniun steel pow- 
der. A mix of elemental powders or a mix of pre-alloyed and 60 
elemental powdeis also may be used. Other possible powder 
additions include, for example, metal carbides, metal 
nitrides, and high-speed steel powders, which may be added 
to improve wear resistance, conductivity, or other properties. 
Other possible powder additions will be apparent to those of 65 
ordinary skill on reviewing the present description of the 
invention. 
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The powder additions may include powders having car- 
bon in alloyed or other form. Thus, it will be understood that 
the metallurgical powder includes carbon and may include it 
in the form of graphite, in alloyed form, and/or in any other 
suitable form. Typically, a suitable lubricant also is included 
in the metallurgical powder to facilitate compaction. 
Examples of suitable lubricants include stearic acid, zinc 
stearate, and ethylene bis-stearamide wax. One commercial 
form of EBS lubricant is Atomized Acrawax, available from 
Lonza. 

Conventional sinterhard powder grades also may be used 
as the metallurgical powder in the method of the present 
invention. Such powder grades include, for example, Hoe- 
ganaes 85HP (0.85Mo— bal Fe, all in weight percentages), 
Hoeganaes 4600V (1.8Ni-0.6Mo-0.2Mn— bal Fe), and Hoe- 
ganaes 2000 (0.6Ni-0.6Mo-0.2Mn-— bal Fe) powders, and 
QMP (Quebec Metal Powders) 4601 (1.8Ni-0.6Mo- 
0.2Mn— bal Fe), 4401 (0.85Mo— bal Fe), and 4201 (0.6Ni- 
0.6Mo-0.2Mn— bal Fe) powders. Less desirable sinterhard 
powder grades include Hoeganaes 737 (1.4Ni-1.25Mo- 
0.4Mn— bal Fe) and QMP 4701 (0.9Ni-1.0Mo-0.45Mn- 
0.5Cr — ^bal Fe) powders. 

In the conventional sinterhardening process, heat treated 
properties are achieved in the sintering furnace by cooling 
the sintered compact at a cooling rate fast enough to convert 
a substantial portion of the microstructure to a strong, hard, 
martensitic structure. Whether martensite forms when the 
sintered compact is cooled from a temperature above the 
auslenite temperature (about 1350-1450° F.) to room tem- 
perature depends principally on the alloy composition and 
the cooling rate. In the present method, the metallurgical 
powder composition is selected so that a consolidated com- 
pact of the powder does not harden significantly during the 
slow cooling step of the method, but will attain surface 
hardness above RC 25, and preferably above RC 30, during 
the subsequent, fast cooling step. Such powder compositions 
preferably are of pre-alloy powder. The inventor has deter- 
mined that pure iron-based mixes do not harden as readily 
under typical accelerated gas cooling in a powder metal 
sintering furnace unless relatively large amounts of costly 
elemental additions are made to the powder. Even then, the 
transformation to martensite is not as uniform as when the 
elements are present in the powder in pre-alloyed form. The 
inventor also has determined that a higher carbon content in 
the powder results in more ready transformation to marten- 
site during the accelerated cooling step of the method. 
Generally, if the carbon content of the powder blend is less 
than about 0.3 weight percent, it will be difBcult to increase 
surface hardness above RC 25 on accelerated cooling. If the 
carbon content is greater than about 0.7 weight percent, the 
compact may harden to a level that is too high during the 
slow cooling step to allow subsequent densification. Ilie 
preferred 0.3 to 0.7 weight percent carbon content assumes 
the use of a pre-alloyed base powder and the use of copper 
in the powder. 

The addition of copper to the powder mix promotes 
increased hardness during the accelerated cooling step. If the 
copper content of the powder mix is less than about 1.0 
weight percent, it may be difficult to sufficiently increase 
hardness of low alloy steel powders on accelerated cooling. 
Copper contents greater than about 3 weight percent appear 
to show little benefit in terms of increasing hardness. 

One particular pre-alloyed powder that provides a work- 
able compact on slow cooling and a sufficiently hard com- 
pact on fast cooling is a powder of 0.85 weight percent 
molybdenum and balance iron, such as, for example, Hoe- 
ganaes 85HP or QMP 4401 powders. Such powders transi- 
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tion to martensitc during accelerated cooling at a rate that is 
slow relative to, for example, iron-based powders including 
0.55 weight percent nickel and 0.6 weight percent molyb- 
denum (for example, Hoeganaes 2000 or QMP 4201) or 
iron-based powders including 1.8 weight percent nickel and 5 
0.6 weight percent molybdenum (for example, Hoeganaes 
4600V or QMP 4601). Because, in general, higher copper 
and/or carbon additions more readily meet the desired 
hardness levels on both slow and fast cooling, the capability 
of conventional powders to meet those goals may be lO 
enhanced by additions of copper and/or carbon. For 
example, the following copper and/or carbon additions may 
be made to the conventional powders shown below: 



15 



20 



Base Powder 


Copper Addition 
(weight %) 


Carbon Addition 
(weight %) 


0.85 Mo steel powder 


1.8-2.6 


0.45-O.75 


0.55 Ni— 0.6 Mo- Balance Fe 


1.6-2.4 


0.4-0,70 


powder 






1.8 Ni— 0.6 Mo-Balance Fe 


1.5-2.2 


0.4-0.65 


powder 







The several powder compositions described above are 25 
provided by way of example only. One of ordinary skill, on 
reading the present description of the invention, may readily 
identify other powder compositions comprising iron, 1.0 to 
3.5 weight percent copper, and 0.3 to 0.8 weight percent 
carbon that will provide a material having the desired 3Q 
hardness values on slow cooling and on fast cooling desired 
in the present method. Thus, the above examples should not 
be considered to limit the scope of the present invention. 

In a second step of the embodiment of the present method, 
a portion of the metallurgical powder is compressed within 35 
a mold at a pressure in the range of about 20 tsi to about 70 
tsi, and preferably about 30 tsi to about 60 tsi, and even more 
preferat>ly about 35 tsi to about 50 tsi to lengthen tool life. 
The powder may be compressed to a green compact that is 
the same as or approximates the shape of the desired finished 40 
part. 

In a third step, the green compact is sintered at a suitable 
high temperature. Preferably, the compact is sintered at a 
temperature within the range of about 2000** E to about 
2400° F., and more preferably about 2050° F. to about 2300° 45 
F. The compact is preferably held at the sintering tempera- 
ture for at least 20 minutes. Typically, a heating time at 
sintering temperature may be 25-30 minutes. Total heating 
times may be, for example, about 15 to about 120 minutes, 
including the time necessary to heat the compact to sintering 50 
temperature. Holding the compact at the sintering tempera- 
ture for a suIBcient time period is important to ensure that 
the individual powders, principally the copper and carbon, 
diffuse throughout the compact, forming a generally homog- 
enous iron-based alloy. Such concern may be less important 55 
when pre-alloyed powders are used. Preferably, the sintered 
alloy will exhibit hardness in the range of RB 50 to RB 100 
and a well developed microstructure. 

In a fourth step of the embodiment, the sintered compact 
is cooled at a cooling rate that does not harden the compact 60 
to the extent that it cannot be mechanically deformed in a 
succeeding step of the method. Preferably, the cooling rate 
is no greater than about 60° F./minute and, more preferably, 
no greater than about 20*^ F./minute. The cooling of the 
material may be accomplished by any suitable technique, as 65 
long as the hardness of the cooled compact is not excessive. 
Generally, lower cooling rates will lower hardness, but will 



also inaeasc finished part cost. The hardness of the sintered i 
compact after cooling should be less than RC 25, preferably 1 
less than RB 100, and more preferably less than RB 80, to R 
ensure that the preform may be sufficiently mechanically 
worked. The sintered part preferably displays a density in t 
the range of about 6.2 to about 7.2 grams/cc. J 
In a fifth step, the sintered compact is deformed so as to f 
increase the density of at least a region of the compact. 
Density may be increased throughout the compact, or the 
density of only a surface region or other region of the 
compact may be increased, as desired based on the final 
application of the part. Preferably, the entire compact or the 
portion of the compact of interest is densified to at least 7.6 
grams/cc, and more preferably is densified to a density in the 
range of 7.6 to about 7.85 grams/cc. Even more preferably, 
the upper limit of the density range is 7.8 grams/cc. Pro- 
viding the desired region of the compact with a density of at 
least 7.6 grams/cc will bring properties such as tensile 
strength and fatigue properties to desirable levels. When the 
intended application of the powder metal part requires that 
the entire part surface or only a portion of the surface of the 
part has high rolling contact fatigue resistance, one need 
only increase the density of a region of the compact extend- 
ing into the compact from its surface. In that case, the 
density of the interior portion of the compact would not be 
affected. In a part on which the surface has been densified in 
the present step to 7.6 to 7.8 grams/cc, the part may behave 
in rolling contact fatigue testing as if the entire bulk part had 
the increased density, even though the overall density of the 
part is increased only slightly. Powder metal parts that must 
have a dense and fatigue-resistant surface but need not have 
an overall density as great as the surface include, for 
example, bearing races and cam lobes for medium to heavy 
duty use. 

The compact may be deformed to increase density using, 
for example, mechanical working techniques. Examples of 
such techniques include sizing, rolling, roller burnishing, 
shot peening or blasting, extruding, laser impacting, 
swaging, and hot forming. On considering the present 
description of the invention, one of ordinary skill may 
comprehend additional working techniques that may be used 
to densify all or a portion of the compact. The various 
working techniques may be carried out in a conventional 
manner. For that reason, a further discussion of the tech- 
niques need not be provided herein. If only the surface of the 
compact is densified (as in extruding, swaging, rolling, shot 
blasting, and laser impacting, for example), the overall 
density of the compact may only slightly increase, typically 
by 0.01 to 0.10 grams/cc. If the bulk part is densified (as in 
hot forming, for example), overall density may increase by 
0.1 to 0.9 grams/cc or greater. Of the foregoing working 
techniques, rolling and roller burnishing are typically pre- 
ferred because of low cost and simplicity of use. Rolling and 
roller burnishing are especially preferred for parts having 
rounded surfaces. Nevertheless, any mechanical working or 
other technique suitable to densify the parts may be used, 
and the method described herein is not limited to use of 
rolling, roller burnishing, or any other above-mentioned 
technique, even when applied to rounded parts. 

In a sixth step of the present embodiment, the worked 
compact is heated at a sintering temperature in the range of 
2050** F. to 2400** F. for overall times and times-at- 
temperature as described in connection with the initial 
sintering step. The hot compact, in a seventh step of the 
embodiment, is cooled at an accelerated cooling rate that is 
at least as great as about 120** F./minute, and is preferably in 
the range of 160-400* F./minute. The resintered compact is 
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cooled at a rate necessary to increase its surface hardness to prepared by blending 97 parts (by weight) Kobelco 46F4 

greater than RC 25, and preferably within the range of RC pre-alloyed steel powder (0.5Ni-1.0Mo-0.2Mn-0.1Cr— bal 

30-50. The combined resinter and accelerated cool provides Fe, all in weight percentages), 3 parts Pyron 26006 copper 

a part having a fine microstructure that is primarily marten- powder. 0.6 parts Southwest Graphite 1652 powdered 
sitic and exhibits high hardness and tensQe strength. The 5 graphite (96 weight percent carbon, balance ash), and 0.65 

accelerated cooling of the material may occur in the cham- V^^ Lonza Atomized Acrawax lubricant. A green compact 
ber of a sintering furnace equipped to provide accelerated formed by molding a portion of the powder at 50 tsi. 

cooling by passing a cooling gas over the hot compact. Such ^h^ <^^°s^'y '^"^ gf^f ° TAn^^v o<l\f^%l!t 

accelerated cooling sintering furnaces include, for example, f^^^^ compact was sintered at 2050 F. in a 95% N,-5% H, 

^ ^ 1 J Ai-i:*r -A 1 • ♦ • (by volume) atmosphere and held at temperature for about 

Drever Convecool and Abbot Furnaces VanCool smtenng 10 Xc • « m. uL*^a n^Ii i^^ «^ ™^ 

, , ^ , . . , ^ 25 mmules. The heated compact was then cooled to room 

firnace models. Any other coolmg technique may be temperature within the sintering furnace at a cooling rate of 

employed that suitably provides a cooling rate of at least ^^^^^ ^j^^^ ^he hardness of the cooled sintered 

120° F./minute. Although liquid quenchmg may be used, compact was about RB 95. The cooled sintered compact was 

accelerated gas cooling usually is preferred to avoid the ^^f^^ densified by roller burnishing using about 10,000 
dimensional control problems associated with liquid 15 ib/inch of line contact. The compact was sintered in a fast 

quenching. cooling sintering furnace at 2300*' F. in a 95% N2-5% 

Parts produced using the above embodiment of the atmosphere for about 25 minutes at temperature, and then 

method of the present invention may be further processed to cooled to room temperature at a cooling rate of about ISO*" 

enhance their properties. For example, subsequent to cooling F./minute. The end product exhibited a hardness of RC 39 
the resintered compact, the compact may be subjected to a 20 and an overall density of 7.05 grams/cc, although the density 

heat treatment such as one or more of tempering, of the worked surface region was significantly greater,/] 

carburizing, nitriding, swaging, shot peening, nitriding, and approximately 7.7 grams/cc. The rolling contact endurancej 

induction heat treating. Thus, for example, a temper at 300^ limit of the material was 268 ksi, much higher than the, 

R to 1350° F or another single step or sequence of heal expected value of 180 ksi for the same powder composition 
treatment steps may be used. A temper at 300° F. to 1350° 25 sinterhardened directly and without the low temperature 

R typically may be carried out by heating a part at tempera- sinter or the densification step, 
ture for 0.5 to 2 hours. Air is a suitable tempering atmo- EXAMPLE 2 

sphere up to 600-800° F. Above that range, a protective , c j ^ i u «u *u i r 

; u ^ ^ K( ic ntk^r fu^t r^^t, Hot formed races were produced by the method of the 

atmosphere, e.g., N-,, IS preterred. Other steps that may be . . a .h-i juii 

used subsequent to the of cooling .he heated sintered 30 invenUon as follows^ A metallurgical powder blend 

compact include any known powder metal fabrication lech- (de^'gnatcd M.x 19139) was Provded by blending 97.5 

nique that improves specific desired properties. Such prop- ^'"^^ ^'6^0 Hoegana^ 0.85Mo^alance Fe steel 

^■,.e 1 • . A fr ,-^ powder, 2.5 parts Pyron 26006 copper powder, 0.68 parts 

erties include, for example, wear resistance and fatigue ^ .u ♦ u .^a nnc l.^. 

e u f u • * u • n ^,.'A^^7*^ Southwest Graphite 1652 graphite powder, and 0.75 parts 

properties. Such fabncation techniques will be evident to , a • j * * i • * j u • i 

fu f A' 1 11 A ^. « i».>i.^»m1i 35 Lonza Atomized Acrawax. The nominal sintered chemical 

those of ordinary skill and are not set forthherem.lt also will imin nocxyi -xr^ n ki 

u A * A*u * t Ki^ .»^^o •« .AAiii^^ tr. th^e^ fr^^u compositioH of Mix 19139 was 0.85Mo-2.5Cu-0.6C — bal 
be understood that suitable steps m addition to those set torth X , c ir ^^ mitnu «ui i- 

. u 1 ♦ ™»w «f Fe. Parts formed from Mix 19139 by a method according to 

above may be utilized at any point m the method of the . . . ^ . . - .r^ 

. ' ^ ^ the present invention were compared with parts formed from 

mven ion. ^ conventional powder mix (Mix FL4606) used to make 
Tlie method of the invention augments convenuonalsm- ^ ^^^^ ^^^^^^ ^^^^ by blending 100 parts 

lerhaidening processes by steps including an mitial smter Hoeganaes 4600V steel powder, 0.6 parts Southwest Graph- 
followed by slow cooling to provide a smtered compact with ^^52 graphite powder, and 0.75 parts Lonza Atomized 

a hardness that will allow ready deformation m the subse- Acrawax. The nominal sintered chemical composition of 
quent densification step. The densification step utilizes FL4606 was 1.8Ni-0.55Mo-0.6C--^al Fe, Races were 

mechanical working or some other deformation techmque to ^^^^^^ j j^e two mixes by placing a portion of each powder 

increase the density of all or a desired portion or region of ^^^^^ ^ ^^^^ ^-^ ^^^^ compacting at 40 tsi to provide a 

the sintered compact. The result is a pressed and sintered compact having apparent density of about 6.9 grams/cc. The 

compact of high density or, at least, including a highly dense compacts were then sintered at 2050-2080° F in a 95% 
region. Asubsequent sinter followed by a relatively fast cool atmosphere for about 30 minutes and cooled to 

provides the compact with hardness greater than RC 25, and ^^^^ temperature at about 40° C./minute. The cooled com- 

preferably at least RC 30. Thus, the finished parts have p^^^^ ^^^^ ^-^ ^^^^^^ ^^^^ ^ graphite slurry to provide 

hardness characteristic of conventional sinterhardened ^^^^^^ lubrication during hot forming and to prevent oxi- 

materials, but with enhanced densities and, consequently, ^^^^^^ ^^^^^ transfer of the hot compact into the hot 

increased endurance hmit, torque strength, and/or tensile ^^^.^.^g ^1^^^^ ^^^^^ compacts were induction 

strength. For example, the mventor has determined that the ^^^^^^ ^ atmosphere to 1800° F for about three 

rolling contact endurance limit of material produced by the ^^^^^^ pj^^j -^^^ ^ ^^-^g ^-^ ^eld at 600° F The 

method of the invention typically is at least 240 ksi, and may ^^^^^^^ compacts were struck at about 60 ksi to increase 

be greater than 300 ksi. Such endurance values are much apparent density to 7.6-7.8 grams/cc, ejected from the die, 
superior to the typical 150-200 ksi endurance hmits of ^^^^ ^j^^jy ^^^^^ atmosphere to room 

material produced by conventional smterhardenmg tech- temperature, llie cooled parts were grit blasted to remove 

any residual graphite from their surfaces. 
Specific examples of the method of the present invention Following grit blasting, three different processing cycles 

follow. were used: 

EXAMPLE 1 Cycle A — Process by a conventional sequence including 

65 carburizing the compact in a 0.8 volume percent carbon 
A modified AISI type 4600 steel powder including 3.0 atmosphere for 4 hours at 1650° F., quenching, and 

height percent copper and 0.6 weight percent caibon was tempering at 400° F. for one hour. 
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Cycle B— Resinler at 2300* F. in a 95% Nz-Sfo Hj 
atmosphere for about 30 minutes in a Drever 
(Huntington Valley, Pa.) Convecool sintering furnace 
equipped with a fast cooling region providing cooling 
at 180** Fyminute. Compacts were then tempered at s 
400** F. for one hour. 

Cycle C — Process as in Cycle B except that the resinter 
was at 2100' R followed by the fast cool at 150"* 
F./minute. 

After hot forming, and prior to performing any of the 
above cycles, compacts produced from Mix 19139 exhibited 
apparent density of about 7.6 grams/cc and 15N hardness of 
84-86. The mechanical properties of parts produced from 
Mix 19139 and processed according to either Cycle B or 
Cycle C above were 221-263 ksi tensile strength, 188-220 ^5 
ksi yield strength, and 1,7-2.3% elongation. The tensile 
strengths of the parts of Mix 19319 processed by Cycle B or 
Cycle C were superior to races formed of powder metal 
material and processed by conventional quench and temper 
treatment. Parts produced from the Mix 19139 powder and 20 
processed according to Cycle B or Cycle C also exhibited 
surface hardness comparable to races formed using conven- 



assembled cam shafts. Material for use in such applications 
conventionally has been produced by hot forming a compact 
of a 4600 steel and then tempering the material. Tensile 
strength specimen bars were made by conventional hot 
forming techniques from a powder mix having the following 
composition: 

Mix FL4608 — 100 parts Hoeganaes 4600V steel powder, 
0.85 parts Southwestern Graphite 1652 graphite 
powder, and 0.75 parts Lonza Atomized Acrawax. 

The tensile bars were evaluated for mechanical properties 
and compared with material made by a method according to 
the present invention from the Mix 19139 powder described 
in Example 2 as follows. Compacts of all mixes were 
molded, sintered, cooled, hot formed, and grit cleaned as 
described in Example 2 above. Hot formed compacts pro- 
duced from the FL4608 powder mix were then oil quenched 
and tempered in air at 400° C. Hot formed compacts 
produced from Mix 19139 powder were resintered at 2300° 
E and cooled at 180° C./minute in a Drever Convecool 
sintering furnace. Mechanical properties for the final mate- 
rials were as follows: 
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Mix 


Process 
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HF + CQ & T400 


7.75 


50 


214 
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1.0 


340 


19 


19139 


HF + 2300" F. + Fast Cbo! 


7.65 


48 


260 


180 


2.2 


320 


40 



tional quench and temper processing techniques. The fol- 
lowing table provides the density, torque strength, and 
hardnesses of races made from Mix 19139 and processed 35 
according to Cycle B. or Cycle C and compares those 
properties with races made from Mix FL4606 processed 
according to the conventional carburization, quench, and 
temper sequence of Cycle A above. 

40 
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Cycle A 


7.75 


54/89 


40 


535 


(Mix FU606) 










Cycle B 


7.60 


54/86 


52 


783 


(Mix 19139) 










Cycle C 


7.55 


47/84 


49 


550 


(Mix 19139) 











45 
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Although the average hardness of races made by methods 
according to the present invention (incorporating the steps of 
Cycle B or Cycle C) that are shown in the table are slightly 
lower than the races processed by conventional Cycle A, the 55 
hardness values are still well above the typical specification 
of 82 (15N) minimum for parts used in automotive race 
applications. The above data indicates that one may achieve 
a significant increase in the torque strength of a material by 
carefully controlling the resinter temperature and cooling 60 
rate at the expense of only a small reduction in hardness. 

EXAMPLES 

Parts produced by the method of the invention utilizing a 
hot forming step to enhance strength, elongation, and impact 65 
resistance were evaluated. A typical application for such 
high strength hot formed parts is as cam lobes for use in 



Compared to the conventionally processed hot formed 
4600-base material, the specimens produced from Mix 
19139 by the method of the invention exhibited significantly 
higher tensile strength, elongation, and impact strength. 
Rolling contact fatigue properties (endurance limit) for all 
materials were comparable. The endurance limit of the Mix 
19139 material greatly exceeded that of conventional sin- 
terhardened material. 

An aspect of the present invention is to combine the 
advantages of the sinterhardening process with the advan- 
tages of higher density. The mechanical properties of mate- 
rials made by the method of the present invention are 
superior to the properties of conventional sinterhardened 
material. The enhancement in the mechanical properties is 
much greater than would be expected solely from the density 
increases achieved by the present invention. 

Accordingly, the present invention addresses deficiencies 
of material produced by conventional sinterhardening tech- 
niques. The invention may substantially improve upon the 
rolling contact endurance limits exhibited by conventional 
sinterhardened powder metal materials. The invention also 
provides improvements in dimensional control relative to 
parts produced by conventional quench-and-temper process- 
ing because the present method may employ gas cooling, 
which is less severe on the parts than liquid quenching. 
Because no oils or other liquids are necessary for quenching, 
there are consequent cost and environmental benefits. 
Moreover, parts produced by the method of the present 
invention exhibit relatively high tensile strength, impact 
strength, and other mechanical properties. 

It is to be understood that the present description illus- 
trates aspects of the invention relevant to a clear understand- 
ing of the invention. Certain aspects of the invention that 
would be apparent to those of ordinary skill in the art and 
that, therefore, would not facilitate a better understanding of 
the invention have not been presented in order to simplify 
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the present description. Although the present invention has 14. The method of claim 1, wherein heating the compact 

been described in connection with certain embodiments, provides a sintered compact having apparent density of at 

those of ordinary skill in the art will, upon considering the least 6.7 grams/cc. 

foregoing description, recognize that many modifications 15. The method of claim 14, wherein heating the compact 
and variations of the invention may be employed. All such 5 provides a sintered compact having apparent density no 

variations and modifications of the invention are intended to greater than 7.2 grams/cc. 

be covered by the foregoing description and the foUowing 15 jhe method of claim 1, wherein cooling the sintered 

claims. compact comprises cooling the sintered compact at a cooling 

I ^1^^"^' u^r A ' rate at least as great as 50** F./minute. 

1. A method for producmg a matenal from a metallurgical ^^^^ ^ ^j^j^ ^^^^^^ ^^^1^ ^j^^^^^^ 

powder the method compnsmg: comprises cooling the sintered compact at a cooling 

providing a metallurgical powder comprismg iron, 1.0 to ^^^^ j^^^^ ^ ^0° F./minute. 

3.5 weight percent copper and 0.3 to 0.8 weight ^^^^^^ ^j^.^ ^^^^^^ ^^^^^ ^.^^^^^^ 

percent carbon, the weight percentages calculated ^ . , 1 j • \ j . u • u 1 

based on the total weight of the powder; '^""'P'"^' P[°^"l'^ *,^°''='' «''"P»^' ''^^"^ " 
- , T. r.i. * 11 • 1 J 55 ness less than RB 100. 

C0D»p«ssmg at least a porUon of the metaUMgical powdw ^ ^.^^^^^ 

at a pressure or 20 tsi to 70 tsi to provide a compact; . , , . . 1 j . . • . j 

, . w * ^ fonnnor-* o^nno compact provides a coolcd Sintered compact havmg a hafd- 

heatmg the compact to a temperature of 2000 F. to 2400' 1 on 

F. and maintaining the compact at the temperature for ^ u ~i ^" 1 • 1 u • r .1, • . ^ 

at least 15 minutes to provide a sintered compact; ^O. The method of claim 1, wherem cooling the sintered 

cooling the sintered compact at a cooling rate no greater compact provides a cooled sintered compact havmg a hard- 

than 60<* F, per minute to provide the compact with ness no greater than RC 20 ^ . ^ . ^ , ^ 

hardness no greater than RC 25; 21. The method of claim 1, wherem heating the sintered 

increasing the density of at least a surface region of the ^^"^P^'^, ^^"g ^^e sintered compact occur in differem 

sintered compact to at least 7.6 grams/cc; zones of a smgle smtenng furnace. . _ . 

heating the sintered compact to a temperamre of 2050^ F. ^5 22 The method of claim 1 wherem increasing the density 

to 2400** F. and holding the sintered compact at the ^^^^ a surface region of the sintered compact provides 

temperature for at least 20 minutes; and ^ sintered compact having at least a surface region with a 

cooling the heated sintered compact at a cooling rate of ^^"^ily of 7.6 to 7.85 grams/cc. ' 

120** F./minute to 400° F./minute to increase hardness 23. The method of claim 1, wherein increasing the density 

to greater than RC 25. ^^^^^ ^ surface region of the sintered compact comprises 

2. The method of claim 1, wherein cooling the heated mechanically working the sintered compact. 

sintered compact increases hardness to greater than RC 30. 24. The method of claim 19, wherein mechanically work- 

3. The method of claim 1, wherein the metallurgical ing the sintered compact comprises at least one of sizing, 
powder comprises 0.4 to 0.6 weight percent carbon. rolling, roller burnishing, shot peening, extruding, laser 

4. The method of claim 1, wherein the carbon is present 35 impacting, swaging, and hot forming the sintered compact, 
in the metallurgical powder at least predominantly as graph- 25. The method of claim 24, wherein increasing the 
ile. density of at least a surface region of the sintered compact 

5. The method of claim 1, wherein the copper is present comprises hot forming the sintered compact. 

in the metallurgical powder at least predominantly as 26, The method of claim 22, wherein hot forming the 
elemental copper powder. 40 sintered compact comprises coating the sintered compact 

6. The method of claim 1, wherein the metallurgical with lubricant, placing the sintered compact in a heated die, 
powder further comprises at least one selected from the and applying pressure to the sintered compact. 

group comprising nickel, molybdenum, chromium, 27. The method of claim 24, wherein increasing the 

manganese, and vanadium, density of at least a surface region of the sintered compact 

7. The method of claim 1, wherein the metallurgical 45 comprises at least one of sizing, rolling, roller burnishing, 
powder comprises an iron-base pre-alloyed powder includ- extmding, shot peening, extruding, laser impacting, and 
ing at least one of molybdenum and nickel. swaging the sintered compact to increase the density of a 

8. The method of claim 1, wherein the metallurgical surface region of the sintered compact to at least 7.6 
powder further comprises: 0 to 2.0 weight percent molyb- grams/cc. 

denum; 0 to 3,0 weight percent nickel; 0 to 0.7 weight 50 28. The method of claim 1, wherein heating the sintered 

percent manganese; and 0 to 4.0 weight percent chromium. compact comprises heating the sintered compact to a tem- 

9. The method of claim 1, wherein compressing the perature of 2050° F. to 2400° F. and holding the sintered 
metallurgical powder provides a compact having apparent compact at the temperature for no greater than 40 minutes, 
density of at least 6.8 grams/cc. 29. The method of claim 1, wherein heating the sintered 

10. The method of claim 1, wherein compressing the 55 compact comprises heating the sintered compact for a total 
metallurgical powder comprises compressing the metallur- time of no greater than 120 minutes. 

gical powder at a pressure of 30 tsi to 60 tsi. 30. ITie method of claim 1, wherein cooling the heated 

11. The method of claim 1, wherein heating the compact sintered compact provides a material having a hardness no 
comprises heating the compact to a temperature no greater greater than RC 50. 

than 2300** F. 60 31. The method of claim 1, wherein both heating the 

12. The method of claim 1, wherein heating the compact sintered compact and cooling the heated sintered compact 
comprises heating the compact to a temperature of 2000° F. occur within different zones of a single sintering furnace, 
to 2400** F. and maintaining the compact at the temperature 32. The method of claim 1, wherein cooling the heated 
for 25 to 35 minutes. sintered compact comprises contacting the heated sintered 

13. The method of claim 1, wherein heating the compact 65 compact with a cooling gas. 

comprises heating the compact for a total time of 20 to 120 33. The method of claim 1, further comprising, subse- 

minutes. quent to cooling the heated sintered compact, beat treating 
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the sintered compact using at least one of tempering, 
carburizing, nitriding, swaging, shot peening and induction 
heat treating. 

34. The method of claim 33, wherein heat treating the 
cooled, resintered compact comprises tempering the com- 
pact at 300 to 1350** F. 

35. A method for producing a material from a metallur- 
gical powder, the method comprising: 

providing a metallurgical powder comprising iron, 1.0 to 
3.5 weight percent copper, and 0.3 to 0.8 weight 
percent carbon, the weight percentages calculated 
based on the total weight of the powder; 

compressing at least a portion of the metallurgical powder 
at a pressure of 20 tsi to 70 tsi to provide a compact; 

heating the compact to provide a sintered compact having 
apparent density of 6.2 to 7.2 grams/cc; 

cooling the sintered compact at a cooling rate no greater 
than 60° F. per minute to provide a sintered compact 
having a hardness no greater than RC 25; 

increasing the density of at least a portion of the sintered 
compact so that at least a surface region of the sintered 
compact has a density of at least 7.6 grams/cc; 

healing the sintered compact to provide a heated sintered 
compact; and 

cooling the heated sintered compact to increase the hard- 
ness of the compact to greater than RC 25. 

36. The method of claim 35, wherein cooling the heated 
sintered compact to increase the hardness of the compact to 
at least RC 30. 

37. The method of claim 36, wherein the metallurgical 
powder comprises 0.4 to 0.6 weight percent carbon. 

38. The method of claim 35, wherein the carbon is present 
in the metallurgical powder as graphite. 

39. The method of claim 35, wherein the copper is present 
in the metallurgical powder at least predominantly as 
elemental copper powder. 

40. The method of claim 35, wherein the metallurgical 
powder further comprises at least one selected from the 
group comprising nickel, molybdenum, manganese, 
chromium, and vanadium. 



41. The method of claim 32, wherein the metallurgical 40 of graphite. 



rolling, roller burnishing, shot peening, extruding, laser 
impacting, swaging, and hot forming the sintered compact. 

50. llie method of claim 35, wherein heating the sintered 
compact comprises beating the sintered compact to a tem- 

5 perature of 2050^ F. to 2400** F. 

51. The method of claim 50, wherein heating the sintered 
compact comprises heating the sintered compact to a tem- 
perature of 2050** F. to 2400° F. and holding the sintered 
compact at the temperature for at least 20 minutes. 

10 52. The method of claim 35, wherein cooling the heated 
sintered compact provides a material having a hardness of at 
least RC 50. 

53. A material comprising iron, 1.0 to 3.5 weight percent 
copper, and 0.3 to 0.8 weight percent carbon, the weight 

15 percentages calculated based on the total weight of the 
material, and having a hardness of at least RC 30, the 
material produced by a method comprising: 
providing a metallurgical powder; 
compressing at least a portion of the metallurgical powder 
at a pressure of 20 tsi to 70 tsi to provide a compact; 
heating the green compact to a temperature of 2000" F. to 
2400° F. and maintaining the compact at the tempera- 
ture for at least 15 minutes to provide a sintered 
compact; 

cooling the sintered compact at a cooling rate no greater 
than 60° F. per minute to provide a compact having a 
hardness no greater than RC 25; 
increasing the density of at least a portion of the sintered 
compact so that at least a surface region of the sintered 
30 compact has a density of at least 7.6 grams/cc; 

heating the sintered compact to a temperature of 2050° F. 
to 2400° F. and holding the sintered compact at the 
temperature for at least 20 minutes to provide a heated 
sintered compact; and 
35 cooling the heated sintered compact at a cooling rate of 
120° F./minute to 400° E/minute to increase the hard- 
ness of the compact to at least RC 30. 

54. The material of claim 53, wherein the metallurgical 
powder comprises carbon at least predominantly in the form 
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powder comprises an iron-base pre -alloyed powder includ- 
ing at least one of molybdenum and nickel. 

42. The method of claim 35, wherein the metallurgical 
powder further comprises: 0 to 2.0 weight percent molyb- 
denum; 0 to 3.0 weight percent nickel; 0 to 0.7 weight 45 
percent manganese; and 0 to 4.0 weight percent chromium. 

43. The method of claim 35, wherein heating the compact 
comprises heating the green compact to a temperature of 
2000° F. to 2400° F. 

44. ^rhe method of claim 43, wherein heating the compact so 
comprises heating the green compact to a temperature of 
2000° F. to 2400° E and holding the compact at the 
temperature for 25 to 35 minutes. 

45. The method of claim 35, wherein heating the compact 
provides a sintered compact having apparent density no ss 
greater than 7.2 grams/cc. 

46. The method of claim 35, wherein cooling the sintered 
compact provides a cooled sintered compact having a hard- 
ness less than RB 100. 

47. The method of claim 46, wherein cooling the sintered 
compact provides a cooled sintered compact having a hard- 
ness less than RB 90. 

48. The method of claim 35, wherein increasing the 
density of at least a portion of the sintered compact com- 
prises mechanically working the sintered compact. 

49. The method of claim 46, wherein mechanically work- 
ing the sintered compact comprises at least one of sizing, 
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55. A material comprising iron, 1.0 to 3.5 weight percent 
copper, and 0.3 to 0.8 weight percent carbon, the weight 
percentages calculated based on the total weight of the 
material, and having a hardness of at least RC 30, the 
material produced by a method comprising: 

providing a metallurgical powder; 

compressing the powder at a pressure of 20 tsi to 70 tsi to 
provide a compact; 

heating the compact to provide a sintered compact having 
a density of 6.2 to 7.2 grams/cc; 

cooling the sintered compact at a cooling rate no greater 
than 60° E per minute to provide a sintered compact 
having a hardness no greater than RC 25; 

increasing the density of at least a portion of the sintered 
compact so that at least a surface region of the sintered 
compact has a density of at least 7.6 grams/cc; 

heating the sintered compact to provide a heated resin- 
tered compact; and 

cooling the heated sintered compact to increase the hard- 
ness of the compact to greater than RC 25. 

56. An article of manufacture comprising a material as 
recited in any of claims 53 and 55. 

57. The article of claim 56, wherein the article is selected 
from a race, a gear, a sprocket, and a cam lobe. 
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